Purpose: Variation in the presence and magnitude of corneal conformational changes during accommodation may predict postoperative ectasia following refractive surgery and assist in the early diagnosis of corneal ectatic disorders. The current study aimed to establish a baseline for corneal refractive changes during ocular accommodation and to clarify the role of biomechanical factors in predicting these changes in a population without corneal pathology.
Introduction
Corneal conformation can be described by the combination of corneal curvature, height (elevation), and pachymetry measurements. As the primary refractive element in the eye, any change in corneal conformation associated with accommodation may contribute to accommodative power. For example, a 0.7-mm reduction in anterior corneal radius during accommodation would induce 4 diopters (D) of myopic shift. 1 Corneal changes of this magnitude are unlikely; however, the ciliary muscle lies in close proximity to the cornea and some of its tendons insert directly into the cornea. 2 Contraction of the ciliary muscle induces corneal conformational changes in avian species, 3 and it has been suggested that similar conformational changes may occur in the peripheral human cornea. [4] [5] [6] The human cornea typically retains a remarkably stable refractive power throughout life except in cases of corneal ectasia. It is possible that increased corneal conformational changes during physiological accommodation may be useful to predict the likelihood of corneal ectasia in refractive surgery patients and assist in the early diagnosis of ectatic disorders of the cornea, such as keratoconus.
Studies of the relationship between ocular accommodation and corneal curvature have become progressively sophisticated as anterior segment imaging and quantification of refractive power has become increasingly sensitive. Early studies utilized keratometers, [7] [8] [9] which were superseded by studies using videokeratoscopy, 10, 11 Placido-disc topographers, 4, 11, 12 and eventually Scheimpflug 6, 13 or DualScheimpflug tomographers. 5 These studies have produced conflicting reports on the presence, magnitude, and direction of corneal changes with accommodation 4, 6, 9, 10 ; however, the majority concluded that corneal conformation does not significantly change during accommodation. 5, [12] [13] [14] [15] Furthermore, the magnitude of total refractive change during accommodation appears to be equivalent to the lenticular refractive change, 16 and anterior segment ultrasound biomicroscopy images can be accurately aligned using the cornea as a fixed reference point for images captured in various accommodative states. 17 The biomechanical properties of the cornea affect corneal curvature, strength, and conformability. 18 There are currently no agreed gold standard clinical investigations to characterize corneal biomechanics, but the surrogate markers of corneal stiffness obtained by the CorVis ST (Oculus, Wetzlar, Germany) instrument provide arguably the best noninvasive in vivo assessment of these parameters. The CorVis ST instrument assesses the dynamic corneal response to a 60-mmHg, 3.05-mm-diameter, air puff using ultra-high-speed Scheimpflug imaging. 19 This allows the visualization and analysis of various biomechanical parameters. Recent software updates to CorVis ST have introduced novel corneal stiffness parameters that serve as biomarkers for more flexible corneas and potentially for conformational changes during ocular accommodation. 19 The current study demonstrates a novel method for inducing physiological accommodation, and corneal tomography is assessed to a peripheral radius of 5 mm. The current study is the first to analyze the effect of prospectively measured corneal biomechanical parameters on the presence and magnitude of corneal conformational changes during accommodation.
Methods

Study Design
The present study was a crossover study with all patients tested in the accommodated and nonaccommodated states for comparison. The study was conducted in accordance with the Declaration of Helsinki, with formal approval obtained from the Health and Disability Ethics Committee of New Zealand (reference: 16/CEN/132). The study was registered in the Australian New Zealand Clinical Trials Registry under registration number ACTRN12616001593426. All participants were aged 18 years or older and provided written consent prior to participation. Exclusion criteria were uncorrected visual acuity less than logMAR 0.3 (Snellen 6/12), pre-existing ocular pathology or previous ocular surgery, contact lens use, strabismus, and previous ocular trauma. Participants were recruited using posters placed around The University of Auckland Grafton Campus. All participation was on a voluntary basis, and participants were not remunerated in any way.
Power analysis using G*Power for Mac (version 3.1.9.2; Heinrich-Heine-Universität Düsseldorf, Düsseldorf, Germany) indicated that a sample size of over 60 participants would produce .90% power to detect changes in corneal curvature of a magnitude demonstrated in other studies with t-tests.
4,6
Machine Assembly Ocular accommodation was controlled by the presentation of optical targets at different distances from participants (Fig. 1) . The addition of a beam splitter to the optical system of GALILEI G2 was required to allow simultaneous tomography measurements and the presentation of these varied optical targets. To avoid major modifications to the existing tomographer, which was in current clinical use at the time of the study, a beam splitter angled at 458 to the optical axis was mounted externally with a custom three-dimensional (3D)-printed polylactic acid housing (Fig. 2) . The beam splitter itself was a transparent, 2-cm-diameter circular microscope slide cover.
The beam splitter housing was suspended within the central Placido ring of GALILEI G2 by fine nylon cord attached to the tomographer using 3D-printed polylactic acid fasteners (Fig. 3) . The fasteners allowed rapid, consistent addition and removal of the beam splitter from the optical system. The fasteners also avoided the use of adhesives and allowed the beam splitter housing to be placed in contact with the Placido disk of GALILEI G2, guaranteeing parallel alignment in the plane of the Placido disk. The fasteners were attached to the perimeter of the measurement head and were consistently aligned using drawn markings on GALILEI G2. A small amount of ocular elevation was required to read the target words above the blue light used by GALILEI G2 to acquire Scheimpflug images (Fig. 4) .
Examination Technique
All measurements were obtained from right eyes in the University of Auckland Ocular Imaging Unit by a single examiner. All participants had corneal tomography measured in the accommodated and unaccommodated states with GALILEI G2. The dynamic corneal response was measured with the CorVis ST (Oculus, Wetzlar, Germany) instrument, refraction was measured with the ARKM-200 Autokeratometer (Takagi Seiko Co., Ltd, Nagano-ken, Japan), and the near point of accommodation assessed with a Royal Air Forces Ruler.
The order of the accommodated and unaccommodated (control) conditions was randomized. In the accommodated condition, 4 D of accommodation were induced by an accommodative target viewed 0.25 m anterior to the spectacle plane. The accommodative target consisted of four-letter words, in black Times New Roman font on a white background, to mimic standard near acuity vision charts used in New Zealand. One hundred words were randomly selected from a list of four-letter words and displayed on separate Microsoft PowerPoint (Redmond, WA) slides programmed to change every 1 second. The text was then digitally mirror inverted and the PowerPoint presentation exported as a video file. The video was looped on a smartphone screen using the VLC video player application (VideoLAN organization, multinational). The final text size on the smartphone screen was scaled to display at a size to match the threshold of N6 acuity. The unaccommodated control condition used a target viewed at 6 m from the spectacle plane. The control target consisted of the same four-letter words displayed on the same smartphone screen, using the same method. The control target words were displayed using Sloan font, in black on a white background, at a size equivalent to logMAR 0.3 (Snellen 6/12). 20 Six corneal topography examinations of the right eye were captured in both the accommodated and unaccommodated states. Between the accommodated and unaccommodated conditions, there was a minimum 5-minute rest period. Measurements were obtained in scotopic conditions with the contralateral (left) eye covered with an opaque noncontact occluder to control convergence.
Data Evaluation
The GALILEI G2 can export 18,001 data points at a 0.1-mm resolution for corneal height, curvature, and pachymetry data. These raw data were used for statistical analysis. Measurements were only kept if reported to be of adequate quality by the GALILEI software (version 6.0.2). Corneal height data, which are the distance from the measurement face of the tomographer to the cornea, were affected by small translations of the tomographer between the 12 independent measurements of each subject (accommodated, n ¼ 6; unaccommodated, n ¼ 6). These translations were assumed not to affect the relative difference between corneal height points. Translations were compensated for in each examination by subtracting the arithmetic mean corneal height of the from each of the data points.
Tomographic assessments with GALILEI are spatially corrected for comparison by using a patented iris detection algorithm. 5 However, on initial screening of the data, it was apparent that each scan had subtly differing amounts of cyclorotation. 13 A method for correcting these spatial errors has been described, and this was encoded in the open source programming language R. 21 The error associated with compiling multiple measurements can be quantified by the sum of squared differences from the plane x þ y þ z ¼ 0. Following the application of this algorithm, the arithmetic mean reduction in the sum of squared differences was 57%.
Statistical Analyses
Statistical analysis was conducted in the R statistical analysis package (R Foundation for Statistical Computing, Vienna, Austria). Intraobserver repeatability for GALILEI G2 was assessed with the 3D-printed mount in place using the six measurements taken in the unaccommodated state for each participant. 22, 23 Repeatability was quantified using the within-subject standard deviation (S w ), precision, test-retest variability (repeatability), coefficient of variation (CoV), and intraclass correlation (ICC). Precision was calculated as 1.96 3 S w , because for 95% of observations, the difference between a subject's measurement and the true value would be expected to be less than 1.96 3 S w . Test-retest variability, or repeatability, was calculated as 2.77 3 S w . The within-subject CoV was calculated as the S w divided by the overall mean and expressed as a percentage. The ICC is defined as the ratio of the between-subjects' variance to the sum of the combined within-subjects and between-subjects' variance. The ICC values range from 0 to 1, with 1 indicating perfect agreement.
The Bland-Altman method was used to assess the effect of the 3D-printed mount and ocular elevation on GALILEI G2 measurements, compared to measurements in the same eye of the same single participant. 24 For the Bland-Altman analysis, the same participant was measured five times in each of the following measurement conditions: neutral eye position with no device modifications, neutral eye position with 3D-printed mount in place, and elevated eye (to view study target) with 3D-printed mount in place. Significant differences were identified with a one-sample t-test with the test value equal to zero. 22, 24 The 95% limits of agreement (mean difference 6 1.96 3 standard deviation) were used to define the confidence interval within which most differences between measurements from the pairwise comparisons will occur. 22, 24 Arithmetic means of each data point were calculated for the six scans in the accommodated and unaccommodated conditions, for each parameter, for each participant. The difference between the accommodated and unaccommodated conditions were calculated by subtracting the accommodated value from the unaccommodated value. These data were interpolated onto a 100 3 100 matrix to generate individual contour plots (Fig. 5A) . 25 Statistically significant changes were detected with paired t-tests by comparing the series of six scans in the accommodated and unaccommodated conditions. The P values of the tests were extracted and interpolated onto a 100 3 100 matrix to create statistical significance contour plots (Fig. 5B) . 25 The cornea was split into 12 sectors to statistically assess the distribution of changes. ). The percentage of data points with a P value ,0.05 were calculated in each sector and compared with proportion tests to assess statistical differences between sectors. 26 Mean corneal changes across the entire study population were assessed by taking the arithmetic mean change at each data point. Statistically significant mean changes were identified with one-sample t-tests with the test value equal to zero.
Multiple regression analysis was used to determine if corneal biomechanical parameters predict corneal changes occurring during accommodation. Total corneal changes were estimated using the sum of squared displacement for each data point from the plane x þ y þ z ¼ 0. Biomechanical parameters for regression were extracted from CorVis ST. To avoid including highly collinear variables in the analysis, variables with the largest mean absolute correlation from pairs of variables with correlation coefficients .0.7 were removed from the analysis. The remaining variables that had been previously shown to be associated with corneal stiffness were included in the analysis with the additional variables of ethnicity, age, sex, and percentage anterior chamber depth (ACD) change. 19 
Results
Sixty-three right eyes of 63 participants were recruited for and included in the current crossover study. The arithmetic mean age of participants (6 standard deviation) was 24.2 6 4.60 years. Four participants (6%) were over the age of 30. The mean maximum accommodative power was 9.1 6 1.44 D, as measured by Royal Air Forces ruler. The mean objective spherical equivalent refraction was 0.2 6 0.6 D. The mean biometry corrected intraocular pressure (bIOP) was 13.4 6 2.0 mmHg, and the mean pachymetry was 539 6 29 lm.
The results of the repeatability analysis are summarized in Table 1 The results of the Bland-Altman analysis for measurement agreement in different states of optical system modification are summarized in Figure 6 and Table 2 . The addition of the beam splitter and gaze elevation had a minimal effect on anterior corneal height measurements (mean difference ¼ 0 mm), and the 95% limits of agreement were reduced by over 50% from within 0.02 mm to within 0.01 mm when the data were passed through the spatial correction algorithm. The addition of the beam splitter and gaze elevation caused statistically significant fixed bias for pachymetry and anterior axial curvature measurements (P , 0.01). For pachymetry measurements, the largest mean bias occurred during elevation with the beam splitter in place (1.38 lm, P , 0.01). The largest mean bias occurred with only the addition of the beam splitter for anterior axial curvature (0.14 D, P , 0.01), and ocular elevation caused a statistically significant fixed bias for anterior instantaneous curvature measurements (0.41 D, P , 0.01).
Arithmetic mean ACD reduced by À0.100 (stan- dard deviation ¼ 0.073 mm) with accommodation (P , 0.01). Changes in anterior instantaneous corneal curvature with accommodation are summarized for each participant in Figure 5C . The corresponding areas of significant change are summarized in Figure  5D . Individual anterior instantaneous curvature changes were typically within 60. however, the magnitude of the changes is smaller and the plots appear smoother overall. The mean anterior height displacements with accommodation and the corresponding areas of statistically significant change for all participants are demonstrated in Figures 8A and 8B . The displacements were predominantly small (,1.5 lm), posterior, and peripheral. The lower central corneal sector had a high proportion of significant changes (24.5%), and the inferosuperior axis had more significant changes than the mediolateral axis. The mean pachymetry changes with accommodation and the corresponding areas of statistically significant change for all participants are demonstrated in Figures 8C and 8D. There was central corneal thinning (0.5 lm) and peripheral corneal thickening (0.125-0.75 lm). The paracentral zone was largely unchanged. Fewer than 10% of pachymetry data points were significantly changed for each corneal sector, except the peripheral nasal sector.
Multiple linear regression showed that various corneal biomechanical factors were significantly associated with corneal conformational changes during accommodation (P , 0.05). The model fits were, however, very poor for all parameters (adjusted R 2 range ¼ 0.035-0.169). Table 3 demonstrates factors predicting anterior instantaneous corneal curvature change with accommodation. bIOP and 1-mm defor- mation amplitude (DA) ratio were negatively correlated with increased central corneal power, whereas Pacific ethnicity and male sex were positively correlated (P , 0.05). Parameters negatively correlated with increased paracentral corneal power were percentage ACD change and peak distance, whereas male sex was positively correlated (P , 0.05). Increased peripheral corneal power was negatively correlated with first applanation stiffness parameter (SP A1), 1-mm DA ratio, first applanation (A1) DA, and percentage ACD change, whereas time of highest concavity was positively correlated (P , 0.05).
Discussion
The current study aimed to establish a baseline for corneal refractive changes during ocular accommodation and to clarify the role of biomechanical factors in predicting these changes in a population free from corneal pathology. The corneal tomography of 63 normal participants were evaluated, and physiological accommodation was stimulated using a novel method allowing for the viewing of an external target viewed at 25 cm through an externally mounted beam splitter.
Statistically significant corneal curvature changes occurred in every participant with accommodation. These changes occurred significantly more often in the corneal periphery when compared to the central and paracentral corneal zones. The changes trended toward increased power in the superior cornea and decreased power in the inferior cornea. On average, 15% of the anterior central cornea significantly increased in refractive power up to a maximum of 0.1 D on analysis of both the axial and instantaneous curvatures. Posterior corneal changes were negligible for both axial and instantaneous curvatures. This is possibly due to the decreased sensitivity of the posterior corneal measurements, which are derived solely from the Scheimpflug images as opposed to the anterior curvatures that incorporate information from Placido discs. 27 Given the minimal influence of the posterior corneal surface on overall refractive power, these small changes can be largely disregarded. Anterior corneal height and corneal pachymetry changes were also statistically significant but clinically insignificant.
Corneas with biomechanical factors indicating decreased stiffness were hypothesized to exhibit increased changes with accommodation.
14 The primary biomechanical factors of interest were bIOP and corneal thickness. 19 Lower intraocular pressure was associated with central corneal changes, likely due to decreased radially directed counter force against corneal movement.
28 Similarly, thinner corneas are known to have reduced stiffness, even when the collagen concentration is normal. 29 Although corneal thickness did not correlate with increased refractive changes, the first applanation corneal stiffness parameter was significantly associated with increased peripheral curvature changes.
Human corneal and lens tissue stiffens with age, and lens stiffening results in an inevitable reduction in accommodative amplitude. 30, 31 In contrast, the muscular power of the ciliary muscle is maintained with age, despite a relative increase in nonfunctional connective tissue components. 32, 33 Because of the interaction between accommodative amplitude, lens aging, corneal cross-linking, and ciliary muscle aging, the authors of the current study hypothesized that young adults would exhibit the largest corneal changes with accommodation.
An accommodative stimulus with polychromatic white light was used to maximize accommodation during assessment with a near target. Monochromatic light is a poor stimulus for accommodation because the human eye has difficulty with precisely adjusting focus on objects illuminated with monochromatic light. 34 Second, point sources of light fail to produce a strong stimulus for accommodation. Optical movements of at least 6 minutes of arc are sufficient to stimulate a change in accommodative amplitude during fixation. 34 Many recent studies assessing accommodative corneal conformational changes have used a monochromatic point light as an accommodative stimulus. 5, 6, 13 This design flaw was avoided in the current study through the use of a constantly changing target illuminated by white light.
The elevation of gaze away from the measurement plane of the tomographer is the major limitation of the current study. Even with the central target light of GALILEI G2 inactivated, it was not possible to gain enough contrast for participants to read the target words projected inside the annulus of 700-nm blue light, which GALILEI G2 uses to acquire Scheimpflug images. Consequently, the target had to be elevated. However, minimal ocular elevation (approximately 0.678) was required to view the elevated target, and Bland-Altman agreement analysis demonstrated clinically insignificant effects on both anterior height and pachymetry measurements. Additionally, the current study was concerned with demonstrating a difference in individuals between the accommodated and unaccommodated conditions, so any effect of the beam splitter, gaze elevation, or convergence was uniform throughout the experiment, and the demonstrated differences are the result of corneal changes with accommodation. The use of spatial correction for anterior height data is a strength of the current study. The current study has shown that this algorithm is useful in combining data from multiple scans for GALILEI G2, although it was initially proposed for use with older videokeratographers. Statistically significant corneal changes with accommodation persisted after digital correction of the corneal elevation data. 21 The hypothesized clinical applications of the current study centered around whether corneal accommodation could be a marker of corneal ectasia risk, particularly after refractive surgery. Corneal changes with accommodation occur more commonly in patients with keratoconus. 14 However, in the current study, involving normal corneas, there was no strong association between decreased corneal stiffness and increased corneal conformational changes with accommodation. Conformational changes may be useful as a risk factor for corneal ectasia in patients considering laser refractive surgery. Given the low incidence of post-refractivesurgery ectasia and the requirement for multiple tomographical assessments, assessing conformational changes may not be practical for preoperative refractive screening, and large numbers of patients would need to be assessed before this hypothesis could be tested. 35 The ability to screen for ectasia risk using conformational changes with accommodation remains unknown as the subjects in the current study were all emmetropic and presumably at no risk of ectasia. Last, and perhaps more clinically relevant, would be the screening of patients with forme fruste, unilateral (in the uninvolved eye), or early keratoconus to detect those likely to develop keratoconus or progressive ectasia. If accommodative conformational changes could predict patients at high risk of progression, it may assist decision-making for the necessity and timing of corneal collagen crosslinking. Serial tomography assessments, currently used to assess the criteria for crosslinking, can be expensive and time-consuming, leading to delays in treatment and deterioration in uncorrected visual acuity in some cases.
The current study demonstrates a baseline of statistically significant changes in central and peripheral corneal curvature up to 0.1 D, in young participants free from corneal pathology with ocular accommodation. However, the regions of change in each of these parameters were not well related to one another, and the changes were within the repeatability of the GALILEI G2 tomographer. Demographic and corneal biomechanical factors are also poor predictors of these changes. These findings support the growing body of evidence that suggests that corneal changes during accommodation have minimal impact on normal vision in humans and do not require routine clinical consideration. It was, however, possible to acquire highquality scans from the GALILEI G2 tomographer with an alternative visual target by utilizing a beam splitter and a 3D-printed mount. This specific arrangement may have applications for future research studies related to accommodation, and it may be possible to modify other ophthalmic technologies in a similar manner.
